We examine the vacuum structure of 4D effective theories of moduli fields in spacetime compactifications with quantized background fluxes. Imposing the no-scale structure for the volume deformations, we numerically investigate the distributions of flux vacua of the effective potential in complex structure moduli and axio-dilaton directions for two explicit examples in Type IIB string theory and F-theory compactifications. It turns out that distributions of non-supersymmetric flux vacua exhibit a non-increasing functional behavior of several on-shell quantities with respect to the string coupling. We point out that this phenomena can be deeply connected with a previously-reported possible correspondence between the flux vacua in moduli stabilization problem and the attractor mechanism in supergravity, and our explicit demonstration implies that such a correspondence generically exist even in the framework of F-theory. In particular, we confirm that the solutions of the effective potential we explicitly evaluated in Type IIB and F-theory flux compactifications indeed satisfy the generalized form of the attractor equations simultaneously. † yhonma@law.meijigakuin.ac.jp
Stabilization of extra massless scalar moduli fields of 4D effective theories arising from spacetime compactifications is of particular interest in the field of string theory and its broad applications to cosmology and phenomenology. In particular, remarkable progress for cosmological observations in recent years has motivated us to realize de Sitter spacetime with stabilized moduli in the framework of string theory and contrive a concrete setup in which basic quantum gravitational issues can be thoroughly investigated. In the study of this moduli stabilization problem, one looks at the scalar potential of 4D N = 1 effective theories arising from spacetime compactifications. In the language of 4D N = 1 supersymmetry, there are two kinds of contributions to the scalar potential of moduli fields, namely the Kähler potential and the superpotential. String compactifications enables us to derive these quantities quantum mechanically from the geometry of internal compact spaces, often taken to be a Calabi-Yau manifold to use sufficient amount of supersymmetry while keeping the problem nontrivial. Inclusion of background fluxes is a crucial ingredient to generate interactions between moduli fields in superpotential, leading to their stabilization in a controllable way.
To grasp the background and clarify our motivation for the present paper in more detail, let us begin with the 4D effective action arising from Type IIB Calabi-Yau orientifolds or the F-theory on Calabi-Yau fourfolds [1] , both of which can be described by the 4D N = 1 supergravity language.
Suppose the Kähler moduli fields labeled by α are absent in the superpotential W , and also the Kähler potential K satisfies the condition K αᾱ ∂ α K∂ᾱK = 3, the F -term scalar potential of moduli fields becomes a no-scale type V = e K K IJ D I W DJ W , (1.1) in the reduced Planck mass unit M Pl = 1. Here I, J run over the complex structure moduli of a Calabi-Yau threefold and the axio-dilaton in a Type IIB setup, which can be also regarded as a unified complex structure moduli of a Calabi-Yau fourfold from the F-theory perspective. Here D I ≡ ∂ I +(∂ I K) denote the Kähler covariant derivative and K IJ is the inverse of the Kähler metric K IJ = ∂ I ∂J K. Throughout this paper, we focus on this no-scale type potential.
It is well known that the imaginary self-dual three-form fluxes in Type IIB string theory or the self-dual four-form fluxes in F-theory can generate suitable flux superpotential W to stabilize moduli fields at D I W = 0, leading to stable Minkowski minima [2, 3, 4] . While this prescription completely fix the complex structure moduli and axio-dilaton, the Kähler moduli of the compactification remain unfixed. In order to fix all the moduli and construct realistic cosmologies describing the accelerated expansion of the universe, quantum α -corrections and non-perturbative effects should be further included. This issue has been resolved in the explicit constructions of the Kachru-Kallosh-Linde-Trivedi (KKLT) model [5] and the LARGE Volume Scenario (LVS) [6, 7] . There the small value of de Sitter cosmological constant for the late-time cosmology has been realized by an inclusion of the anti-D3-brane inducing an uplifting potential.
On the other hand, as has been pointed out for instance in [8] , effective theories equipped with the no-scale type potential can also accommodate supersymmetry-breaking minima with V = 0 in complex structure moduli and axio-dilaton directions. There the spontaneous supersymmetry breaking effect due to a small vacuum energy can be regarded as a variant of the anti-D-branes to produce tiny cosmological constant. In the same spirit, several supersymmetry-breaking scenarios has been discussed, for instance, in [9, 10] . While such an uplifting mechanism may have broad applications to de Sitter model building, comprehensive study has not been fully elucidated, possibly due to the complexity of analysis of the non-supersymmetric vacua. One of our goals in the present paper is to fill this gap and understand the characteristics of the flux vacua in general compactifications.
Specifically, we investigate the vacuum structure of two explicit examples in Type IIB string theory and F-theory compactifications while assuming the no-scale structure (1.1). By solving the system numerically and finding the non-supersymmetric flux vacua in both setups, we find that several on-shell quantities exhibit a non-increasing functional behavior with respect to the string coupling. In the process of clarifying an underlying dynamics of this phenomena, we find that this characteristic behavior of flux vacua can be regarded as a direct consequence of a previouslystudied possible correspondence between moduli stabilization problem and attractor mechanism in supergravity emphasized in [11] (see also [12, 13, 14, 15] ), and our demonstration provides a nontrivial supporting evidence for this kind of correspondence. Especially, one can check that our numerical solutions as well as analytic Minkowski solutions indeed satisfy the appropriately generalized attractor equation simultaneously, even in the framework of F-theory.
This paper is organized as follows. We first take a brief look at an effective theory arising from Type IIB toroidal orientifold compactification and study its vacuum structure in Section 2.
In Section 3, we move on to analyze the effective potential of moduli fields arising from F-theory compactified on a Calabi-Yau fourfold. Finally in Section 4, we reconsider our results from another viewpoint and confirm that the moduli stabilization problem discussed in Sections 2 and 3 can be rephrased in terms of the attractor mechanism in supergravity. Section 5 is devoted to conclusions and discussions. In Appendix A, we describes the F-theory generalization of the attractor equation.
Type IIB Toroidal Orientifold
First we consider a well-known Type IIB toroidal orientifold model and investigate its vacuum structure. Explicit demonstrations in this simple setup would make the arguments in subsequent sections more intelligible.
Setup
Here we briefly look at the effective potential of moduli fields in Type IIB string theory compactified on a T 6 /Z 2 toroidal orientifold. We refer the reader to [16, 17] for the details about the construction.
Let us represent the periodic six real coordinates on T 6 by x i and y i with i, j = 1, 2, 3, and take the holomorphic one-forms of the T 2 submanifolds as dz i = dx i + τ ij dy j . By choosing the orientation as T 6 dx 1 ∧ dx 2 ∧ dx 3 ∧ dy 1 ∧ dy 2 ∧ dy 3 = 1 and representing the three-form cohomology basis in H 3 (T 6 , Z) as
the holomorphic three-form Ω ≡ dz 1 ∧ dz 2 ∧ dz 3 on T 6 /Z 2 can be described as
Here the matrices τ ij describe the complex structure moduli of the geometry and the three-form cohomology basis is normalized as T 6 α I ∧ β J = δ J I . The three-form fluxes F 3 and H 3 in RR and NSNS sectors in Type IIB string theory can be expanded in the same basis as
where the coefficients a 0 , a ij , b 0 , b ij , c 0 , c ij , d 0 , d ij ∈ 2Z describe the quanta of background fluxes.
Note that here we focus on even numbers of flux quanta to prohibit the appearance of delicate exotic O3-planes [17] .
The explicit form of the Kähler potential for moduli fields is given by 
5)
where G 3 ≡ F 3 − SH 3 denotes the combined three-form fluxes. On T 6 /Z 2 geometry, this becomes
Recalling that there exist 2 6 O3-planes on T 6 /Z 2 orientifold, the tadpole cancellation condition
must be also satisfied to ensure the global conservation of fluxes inside the compact manifold. Here n D3 denotes the number of mobile D3-branes, which is set to be zero in the following discussions.
To simplify the analysis, we further focus on an isotropic case for the system, namely we only consider diagonal components of τ ij and fluxes satisfying the following condition 9) and the flux-induced superpotential becomes
Combining the above setup with the definition of the no-scale type potential (1.1), one can study the vacuum structure of the model explicitly. Here we consider a condition
and non-zero otherwise, which corresponds to the imaginary self-dual condition allowing (2,1) and (0,3) piece for F 3 and the imaginary anti-self-dual condition allowing (3,0) and (1,2) piece for H 3 .
This asymmetric choice of background fluxes was chosen to completely fix the complex structure moduli and axio-dilaton, coming from the fact that the T 6 /Z 2 toroidal orientifold model originally preserves 4D N = 4 supersymmetry 2 . In this setup, the model has a Minkowski minimum 3 as a 2 See for instance [18] about 4D N = 4 gauged supergravity description of the model. 3 In order to be supersymmetric, the minimum also need to satisfy W = 0 and allowed fluxes are further constrained.
solution to the F -term conditions D I W = 0, where V becomes zero and the values of moduli fields are fixed as
On the other hand, when we consider a condition
and non-zero otherwise, this choice corresponds to the imaginary self-dual condition for H 3 and the imaginary anti-self-dual condition for F 3 . Then the model has a Minkowski minimum at which the values of moduli fields are fixed as
Later we will utilize these simple analytic solutions (2.12) and (2.14) when we discuss about a correspondence between the moduli stabilization and a seemingly different topic in supergravity.
Distribution of non-supersymmetric flux vacua
Having introduced the setup of the T 6 /Z 2 toroidal orientifold model, now we turn to analyze the non-supersymmetric flux vacua with fixed moduli Φ I ≡ {τ ij , S}, while taking into account the tadpole cancellation condition for quantized background fluxes appropriately.
As emphasized in [8] , the no-scale type potential (1.1) can also accommodate the supersymmetrybreaking minima characterized by
with the mass squared of the moduli fields being strictly positive. Note that the nonzero vacuum energy at Φ 0 I is proportional to a constant Calabi-Yau volume arising from the prefactor e K in the scalar potential, as mentioned in the previous section. Numerical constant determined by fluxes can take sufficiently small value owing to the richness of the choice of background fluxes, and this becomes a candidate of the source of an uplifting potential. Throughout this paper, we only pick up the solutions satisfying < 1 as true flux vacua, otherwise the effective theory description of the system turns out to be unreliable.
In our numerical analysis, we utilize the "FindMinimum" function in Mathematica to find supersymmetry-breaking minima of the effective potential. 4 To simplify the analysis, let us again focus on the isotropic case for τ ij and background fluxes in which the the Kähler potential and the superpotential are given by (2.9) and (2.10), respectively. Within a flux range −12 ≤
we found 962 supersymmetry-breaking minima with no tachyonic instability.
The result is depicted in Figure 1 , where we plot the height of the normalized potential = V 2 V with respect to the string coupling g s ≡ (ImS) −1 at the each of the minima. The other on-shell quantities are also shown in Figure 2 . Note that generically an ambiguity originating from the Type IIB SL(2,Z) duality transformation generates physically-equivalent solutions and a careful analysis is required. Here and in what follows, we deduct this ambiguity 5 by selecting only the solutions satisfying |ReS| ≤ 1/2 and |S| ≥ 1 while keeping the string coupling small but finite: 0 < g s < 1.
To provide typical examples of our numerical results, here we pick up three independent flux vacua determined under the following choice of fluxes:
The vacuum A, B and C are represented in Figure 1 by the red, green and blue points, respectively.
Explicit values of stabilized moduli and various on-shell quantities at the each of these flux vacua 5 For the present example, there exists another type of redundancy arising from SL(2,Z) ⊂ SL(6,Z) transformation acting on T 6 and we have also deducted this ambiguity by requiring |Reτ | ≤ 1/2 and |τ | ≥ 1. are summarized in Tables 1 and 2 .
From Figures 1 and 2 , one finds that the flux vacua of the model seems to be determined such that several on-shell quantities are governed by a nontrivial dynamics, rather than just providing a completely random distribution. Especially, the distribution of a normalized superpotential |Z| = e K/2 |W | indicates a monotonic, non-increasing functional dependence with respect to the string coupling. As we will see in the next section, another concrete example based on F-theory flux compactification exhibits this kind of dependence of on-shell quantities more clearly. Therefore let us save the arguments for a physical background of this suggestive behavior and its consequences for later discussions in the final section, after looking at the F-theory example and its vacuum structure. Here we provide some comments on a further consistency check condition to be satisfied, which can be straightforwardly applied to the F-theory compactification described in the next section. To ensure the validity of the effective theory description of the system in the framework of spacetime compactifications, the vacuum energy at the each of the minima needs to be smaller than the mass scales of the Kaluza-Klein and the stringy modes as
In the Type IIB language, these scales are given by m s = (α ) −1/2
in the reduced Planck mass unit. Therefore the above conditions can be rephrased as a requirement that the dimensionless constant must satisfy the condition
For instance if we take a sufficiently large volume V, e.g. larger than O(10 2 ), one can estimate that all the numerical solutions summarized in Figure 1 satisfy (2.17). Of course in order to conduct a detailed analysis, V needs to be completely fixed by considering an extension of the Kähler moduli sector beyond our no-scale setup 6 in (2.4).
F-theory Model
Let us move on to discuss the 4D N = 1 effective theory based on F-theory flux compactification on a Calabi-Yau fourfold X 4 . After introducing the setup of a model constructed in [23] , we numerically analyze the distribution of supersymmetry-breaking minima of its scalar potential in the same manner as performed in the previous section.
Setup
From the perspective of the F-theory framework, the Kähler potential for complex structure moduli space of a Calabi-Yau fourfold X 4 is defined by
where Ω denotes a holomorphic (4, 0)-form on X 4 . The F-theory compactification also generically admits a superpotential of the form [3]
2)
6 No-scale potential in itself generically provides a runaway potential for the Kähler moduli and does not support the accelerated expansion [19, 20] , which requires the inclusion of quantum corrections to the Kähler moduli sector.
This means that after doing this kind of extension in our Type IIB and F-theory setups, the exact relationship between our analysis and the de Sitter swampland conjecture [21, 22] would come into view directly.
in the presence of four-form fluxes G 4 , which is inherited from a duality between F-theory and M-theory on the same manifold [24, 25, 26, 27] . As is the case in the Type IIB orientifold model, background fluxes are required to satisfy the tadpole cancellation condition given by
in order to be conserved within a compact manifold X 4 globally. Here χ is the Euler characteristic of X 4 and n D3 denotes the total number of the mobile D3-branes.
For a Calabi-Yau fourfold X 4 with h 3,1 (X 4 ) complex structure moduli, the period integrals of holomorphic (4, 0)-form defined by
encode the moduli dependence of the system, and the Kähler potential for complex structure moduli (3.1) can be rewritten as
5)
where γ i with i = 1, . . . , h 4 H (X 4 ) denote a basis of primary horizontal subspace of H 4 (X 4 ). Here we introduced an intersection matrix η ij and a dual basisγ i in H 4 H (X 4 ) defined by
Similarly, when we turn on background G 4 fluxes whose integer quantum numbers are given by
they generate a superpotential of the following form
As an explicit example of F-theory compactification, here we consider the background studied in [23] (see also [28, 29, 30, 31, 32] ), whose period integrals and topological intersection matrix are given by are originated from a bulk quintic modulus, a brane modulus and the axio-dilaton in Type IIB description, respectively. Note that here we have picked up the leading interactions only. While this choice is sufficient for the current purpose, further quantum corrections can be easily calculated by using mirror symmetry technique or supersymmetric localization approach as in [33] .
Substituting the topological data (3.9) and (3.10) into the generic formula (3.5), one can obtain the explicit form of the Kähler potential as
Here we also added the contribution from the classical Kähler moduli sector. The characteristic property of this kind of F-theory construction based on a particular class of Calabi-Yau fourfold is that the next-to-leading-order correction with respect to the string coupling g s = (ImS) −1 has been incorporated, owing to the elliptically fibered structure of the background geometry 7 . Similarly, the flux-induced superpotential is given by
Note that the tadpole cancellation condition needs to be satisfied by background fluxes (3.7) as 1860 24 = n D3 + n 1 n 11 + n 2 n 8 + n 3 n 9 + n 4 n 10 + n 5 + n 6 5 n 6 − n 2
which requires that n 7 must be 2 + 4k with k ∈ Z and n 5 + n 6 or n 6 must be 5k with k ∈ Z, to preserve the integrality of each of the flux quanta.
Here let us impose a condition n 2 = n 3 = n 4 = n 8 = n 9 = n 10 = 0, (3.15) and non-zero otherwise, which corresponds to consider the self-dual G 4 fluxes only. In this setup, the model has a Minkowski minimum with V = 0 as a solution to the F -term condition and the values of the moduli fields are fixed as [23] Rez = Rez 1 = ReS = 0, Imz = 6n 11 5n 1 1/4 2 √ n 6 (8n 6 (n 5 + n 6 ) − 5n 2 7 ) 1/4 ,
(8n 6 (n 5 + n 6 ) − 5n 2 7 ) 1/4 , ImS = 6n 11 5n 1 1/4 n 5 √ n 6 (8n 6 (n 5 + n 6 ) − 5n 2 7 ) 1/4 . Again, later we will utilize this analytic solution to discuss about a correspondence between the moduli stabilization problem and a seemingly different topic in supergravity.
Distribution of non-supersymmetric flux vacua
Based on the above setup, we are now ready to investigate the non-supersymmetric flux vacua with fixed moduli Φ I ≡ {z, z 1 , S} in the framework of F-theory compactification, in a similar way as we demonstrated in Section 2.2.
In order to find general supersymmetry-breaking minima (2.15) for the no-scale potential with (3.11) and (3.13), we again utilize the "FindMinimum" function in Mathematica and also check the absence of tachyons at thus obtained flux vacua by confirming the mass squared of the moduli fields being strictly positive. In the following analysis, we restrict ourselves to the case with n D3 = 0 for simplicity, and we only pick up the solutions satisfying < 1 as true flux vacua in order to ensure the effective theory description of the system. We also need to be careful about the validity of the leading term approximation of the underlying fourfold periods (3.9) from which the scalar potential is determined. During our numerical analysis, thereby we further impose the conditions ImΦ I > 1
to take into account this constraint 8 .
As a result, we numerically found 10058 supersymmetry-breaking flux vacua under the following range of background fluxes 9 n 1 = n 2 = 0, −8 ≤ n 3,4,8,9,10,11 ≤ 8, −10 ≤ n 5,6 ≤ 10, −6 ≤ n 7 ≤ 6, (3.17) 8 We have also checked that our numerical results are consistent with large complex structure expansion of the periods, whose radius of convergence can be extracted from discriminants of the underlying fourfold. 9 By using the Monte-Carlo methods, we randomly generated 10 6 data set of fluxes within −10 ≤ n1,2,··· ,11 ≤ 10 and confirmed that the possible minima are almost clustered around n1 = n2 = 0. While this indication makes our present artificial choice of fluxes due to the limited performance of our computers quite conceivable, it would be instructive to re-analyze the model in a broader range of fluxes. satisfying the tadpole cancellation condition (3.14) . Our numerical results are summarized in Figures 3 and 4 . Note that we have not drawn the area over a range 0.6 < < 1, where we confirmed that there are no appropriate solutions in our present setup. As advocated in the previous section, one can see clearly that the scalar potential and other on-shell quantities thus obtained exhibit a monotonic, non-increasing functional behavior over a wide range of parameter g s . One can also check that all the numerical solutions in Figure 3 satisfy the condition (2.17), if we take a sufficiently large volume V, e.g. larger than O(10 2 ) for the background geometry.
Here we exemplify our numerical results by picking up three independent flux vacua determined by the following set of fluxes:
Vacuum Set of fluxes (n 1 , n 2 n 3 , n 4 , n 5 , n 6 , n 7 , n 8 , n 9 , n 10 , n 11 Table 4 . Explicit values of flux superpotential and mass eigenvalues in M Pl = 1 unit. Note that we have diagonalized the mass matrix and the eigenvalues are displayed in the descending order.
Before ending this section, we would like to discuss about a possible extension of our F-theory setup toward the stabilization of Kähler moduli and explicit construction of de Sitter spacetime.
As can be seen from Figure 4 , the absolute value of the superpotential is of, at lowest, O(10).
This implies that LVS-type extension is more desirable to construct an explicit de Sitter spacetime, rather than utilizing the KKLT-type construction which generically requires an extremely small on-shell value of the flux superpotential. Suppose we employ the LVS-type argument when we extend the Kähler moduli sector in our F-theory setup, and assume that quantum corrections for Kähler moduli fields breaking the no-scale structure give rise to a potential Then the dimensionless constant determined in the dynamics of complex structure moduli sector is further constrained to satisfy a condition ∼ e K CS |W 0 |V −1 ln V such that the total effective potential becomes close to zero as a candidate of the tiny cosmological constant. Since the numerical value of obtained in our analysis is sufficiently small to realize this naive expectation, it would be interesting to cast this idea in a rigorous setup. 10 
Flux Vacua and Attractor Equations
So far we have analyzed the vacuum structure of effective theories of moduli fields arising from Type IIB and F-theory flux compactifications, aiming to construct appropriate 4D spacetime describing our universe in a consistent and systematic way. There we have shown that the on-shell quantities such as vacuum energy and flux superpotential exhibit a monotonic, non-increasing functional behavior with respect to the string coupling. While this indication strongly motivates us to devote special attention to the significance of F-theory framework for the de Sitter model building, at the same time the following natural question arises: how exactly and why these on-shell quantities on the flux vacua in moduli stabilization problem are determined to exhibit this fascinating behavior?
Here we argue that our findings are deeply connected with a seemingly different topic in the 4D supergravity referred to as the attractor mechanism [38] (see also [39, 40] ), where the normalized flux superpotential Z = e K/2 W of a system can be identified as a central charge of the underlying algebra which is subject to a monotonic flow along the radial direction of a background. More precisely, the attractor mechanism means that in a class of extremal black holes in 4D N = 2 theories, moduli fields are drawn to fixed values at the horizon, regardless of the initial values at the asymptotic infinity. There the fixed values of the moduli fields are determined by the socalled attractor equation. In fact, a possible existence of a correspondence between flux vacua in moduli stabilization and the attractor mechanism in supergravity has been pointed out in [11] (see also [12, 13, 14, 15] ). From this perspective, the systematic behavior of various quantities at the distributed flux vacua we observed may reflect the dynamics of a corresponding attracting object, if this kind of correspondence truly exists. Here we provide a supporting evidence for this conjecture by confirming that various solutions we obtained indeed satisfy the suitably generalized attractor equations simultaneously.
First let us reconsider the T 6 /Z 2 toroidal orientifold model as a limit of F-theory on an uplifted fourfold T 6 ×T 2 Z 2 . Seen from this perspective, the Kähler potential and flux superpotential in the isotropic case with moduli fields Φ I = {τ, S} in Section 2.1 can be derived from the generic formulas (3.5) and (3.8) in F-theory compactifications with the following assignment of the fourfold periods 
where the background three-form fluxes in the T 6 /Z 2 model can be reproduced from (3.7) with
The above reformulation corresponds to geometrize the SL(2, Z) duality of Type IIB string theory into an auxiliary two-torus and combine the various three-forms in Section 2.1 with additional cohomology classes dual to the A-and B-cycles of the torus. 11
By using above quantities and the central charge Z(τ,τ , S,S) = e K 2 W (τ, S), one can check that the Minkowski solutions given by (2.12) and (2.14) of the effective potential also satisfy the attractor equation of a generalized form [11, 41] 
where D I ≡ K IJ DJ and we have Kähler-normalized the periods asΠ i ≡ e K/2 Π i . The appearance of this equation can be also understood from the viewpoint of the Hodge structure of allowed fourforms of the system [41] . In a similar fashion, we numerically checked that the non-supersymmetric flux vacua with nonzero scalar potential described in Section 2.2 also satisfy the equation
More precisely, we have picked up several points in Figure 1 whole picture of a possible correspondence between flux vacua and attractor mechanism is not completely elucidated even in a simple situation in Type IIB compactification as we actualized above. The main problem is the lack of knowledge about the identification of the exact metric of a corresponding black object, from which the attractor behavior and the entropy can be extracted to confirm the coincidence with the analysis of the flux vacua. Although we naively expect that a warped geometry in 10D spacetime with appropriate fluxes and horizon topology would be relevant, a detailed study of this subject is beyond the scope of the present paper. The simple T 6 /Z 2 toroidal orientifold with a suitable set of background fluxes we thoroughly investigated here may be regarded as a moderate starting point to address this important problem.
Finally, let us discuss about more nontrivial check concerning the F-theory model discussed in where C IJ is determined by a condition 13
Here Y IJKL represent the classical quadruple intersection numbers of the background Calabi-Yau fourfold whose explicit values can be easily extracted from (3.12) , and R IJKL is the Riemann curvature tensor of the complex structure moduli space defined by 
where the coefficient C IJ is constrained to satisfy (4.7). These results strongly support a possible existence of a F-theory generalization of the attractor mechanism, going beyond the conventional Type IIB setup. Especially, all the explicit results we have shown in the F-theory setup should be regarded as a prediction that if there exists a black object exhibiting the attracting behavior in the framework of F-theory dealing with finite string coupling, its Bekenstein-Hawking entropy and other on-shell quantities would have the same characteristics we have demonstrated above.
Conclusions and Discussions
In this paper, we studied several aspects of moduli stabilization in the framework of spacetime flux compactifications by explicitly constructing flux vacua and analyzing their characteristics.
Especially we thoroughly investigated the 4D effective theories arising from Type IIB string theory on a toroidal orientifold T 6 /Z 2 and F-theory on a Calabi-Yau fourfold with appropriately quantized background fluxes. As well as clarifying the Minkowski minima with vanishing scalar potential analytically, we numerically solved the extremal conditions of the moduli fields and confirmed that the richness of the choice of background fluxes leads to the existence of vast numbers of stable non-supersymmetric minima of the potential with sufficiently tiny vacuum energy.
Moreover, it turned out that the allowed values of the potential minima and various on-shell quntities show a non-increasing functional behavior with respect to the string coupling g s . In particular it appears that within a finite range of background fluxes of the same amount, F-theory model equipped with a next-to-leading-order g s correction prefers a smaller value of the vacuum energy, compared with the simple Type IIB toroidal orientifold model. We hope that several extensions of our results would enrich the stringy construction of the de Sitter spacetime.
We also argued that an interesting conclusion follows from the suggestive behavior of on-shell quantities of Type IIB string and F-theory flux vacua. In the process of clarifying the underlying dynamics of the non-increasing functional behavior of the vacuum energy and the superpotential, we come up with a conclusion that the previously-reported possible correspondence between flux vacua in moduli stabilization problem and attractor mechanism in supergravity lies behind. To provide a nontrivial evidence for this surmise, we have also checked that our analytic and numerical solutions in various flux backgrounds indeed satisfy the suitably generalized attractor equations simultaneously. Especially, our demonstrations in F-theory framework go beyond the conventional Type IIB setups describing the attractor mechanism and may shed new light on this intriguing subject.
Finally, we comment on several possible future research directions in a random order.
• Our studies and demonstrations about the vacuum structure of effective theories would be would be connected with a further development of the attractor mechanism in various setups.
Within this context, the recent works about asymptotic flux compactifications in [44] and attractor black holes in [45] can be also involved.
• About KKLT construction, recent analysis in [46] about the conifold modulus parametrizing the size of three-cycle on the bottom of a warped deformed conifold throat indicates that one must require a large amount of three-form background fluxes to avoid the destabilization, which is generically incompatible with the tadpole cancellation condition in Type IIB flux compactifications. It would be interesting to clarify whether F-theory framework we studied can provide one way to resolve this destabilization problem.
• The attractor mechanism states that the evolution of moduli fields is governed by the gradient flow in the radial direction of the 4D background and the central charge Z. On the other hand, it has been recently pointed out that there exists a close relation between the swampland argument and the gradient flow in gravity [47] . Therefore, naively one can expect that our findings about the appearance of the attractor equations in both of the Type IIB string and F-theory flux compactifications might be connected with the basics of the swampland hypothesis. It would be interesting to figure out a more complete description about this expectation.
Along the line of [41] (see also [14] ), here we consider an expansion of a generic real four-form flux on a Calabi-Yau fourfold X where we have Kähler-normalized the fourfold periods of X 4 asΠ ≡ e K/2 Π. Their explicit forms are known to be given by (see for instance [41] )
where Y IJKL represent classical quadruple intersection numbers of X 4 , and R IJKL is the Riemann curvature tensor of the complex structure moduli space of X 4 .
Utilizing the above formulas, it turns out that the explicit forms of the coefficients A and B I 
